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Abstract  
The design of foundation is initiated by a site investigation program in order to obtain 
the physical and engineering properties of the ground.  Practically, the scope of the site 
investigation is dictated by construction time lines and budgetary constraints, rather 
than on the variability of the ground.  It has been shown by a number of authors that as 
little as 0.04% – 0.3% of the total construction budget is spent on geotechnical 
investigations.  As result, limited site investigations remain common, resulting in a 
higher risk of building foundation failure, unforeseen additional construction and or 
repair cost. Also limited site investigation can result in over designing building leading 
to increased and unnecessary cost. 
 
This paper examines the scope of cone penetration tests (CPTs) used in site 
investigation, and investigates their impacts on the design and performance of pile 
foundations with respect to pile load capacity.  This is achieved by carrying out 3D 
numerical simulations within a Monte Carlo framework.  In this way, it is possible to 
determine the probabilities of failure design and pile over-design for a variety of site 
investigation scenarios represented by the various numbers of the CPTs and ground 
variabilities.  It is observed, as expected, that the possibility of failure design and over 
design of pile foundation decreases as the number of CPTs increases. 
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1. INTRODUCTION  
The reliability of geotechnical site 
investigations has become problematic since 
their scopes undertaken are not often 
inadequate (ASFE, 1996). Over the last 30 
years, site investigations conducted within 
construction projects are dictated by the 
minimum cost and the time of completion, 
rather than to meet the need of 
characterizing appropriately the soil 
properties (Institution of Civil Engineers 
1991). The expenditure on geotechnical 
investigation is spent as little as 0.4% (Jaksa 
2000)  and 0.3% (National Research Council 
1984) of total project budget. Many studies 
demonstrated that, in civil engineering and 
building projects, the highest financial and 
technical risks lie on the ground, and 
therefore, such inadequate site investigation 
can result in significant cost over-runs and 
delays during construction (National 
Research council 1984, Institution of Civil 
Engineers 1991, Littlejohn et al. 1994, 
Whyte 1995, Jaksa et al. 2005). In addition, 
inadequate site investigations have 
significant risk of structural foundation 
failure, unforeseen additional construction, 
and or repair costs. (ASFE 1996, Jaksa et al. 
2005).   
 
The reliability of site investigations on the 
design of foundations has been investigated 
by a number of researchers.  Parsons and 
Frost (2002) developed a method 
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incorporating the Geographic Information 
System (GIS) and geostatistics in order to 
estimate quantitatively the adequacy of site 
investigations. Their methods employed the 
GIS to optimize multiple sampling locations 
of investigations within the site, and to 
compare and rank their adequacies. 
Goldsworthy et al. (2004) and Jaksa et al. 
(2005) utilised a combination of random 
fields and finite element analysis to quantify 
numerically the reliability of site 
investigations on the design of shallow 
foundation.  
This paper seeks to quantify the reliability of 
limited site investigations on the design of 
deep foundations (focusing on pile 
foundations). The study employed a method 
incorporating the generation of three-
dimensional random fields, as models of a 
site, using the local average subdivison 
(LAS) technique developed by Fenton and 
Vanmarcke (1990), and the computation of 
axial pile load capacity using the 
Laboratoire Central des Ponts et Chausseés 
method developed by Bustamante and 
Gianaselli (1982). A number of site 
investigation scenarios are simulated on the 
models, and their reliabilities on the design 
of pile foundations are quantified within the 
Monte Carlo framework.  
 
As shown in Figure 1, the process of 
quantification is started by generating a 3D 
random field as a virtual model consisting of 
soil profiles at a certain level of variability. 
On the model, it is simulated a number of 
cone penetration tests (CPTs) and pile 
foundations. Once the site and CPTs are 
generated, the cone tip resistance, qc, 
profiles along vertical and horizontal axes 
are obtained. The simulated qc profiles by 
the CPTs are then used to compute axial pile 
load capacity termed the pile foundation 
design based on site investigation (SI). In 
parallel, the axial pile load capacity of the 
simulated pile foundation utilising “the true” 
design, or the benchmark pile foundation 
design, and referred to as pile foundation 
design based on complete knowledge (CK). 
At the end of the process, the study compare 
the pile load capacity based on SI and those 
based on CK. The reliability of pile 
foundation design based on SI is analysed 
with a probabilistic approach using the 
Monte Carlo technique.  
 
 
 
Figure 1. Flowchart of simulations (adapted 
from Jaksa et al. 2005 and Goldsworthy 2006) 
 
Modelling Spatial Variability of Soil 
It is widely appreciated that the main 
uncertainty in geotechnical engineering is 
natural variability of soil (Akkaya and 
Vanmarcke, 2003). A number of methods 
have been introduced to deal with this 
uncertainty involving classical descriptive 
and inferential statistical analysis (e.g. 
estimation of mean, coefficient of variation 
and probability distribution), and spatial 
correlation analysis. The last method, the 
spatial correlation analysis, can be 
considered as currently method in 
characterising the variability of soil. This 
analysis is able to describe spatial variation 
of compositional and mechanical parameters 
of soil and can incorporate into the 
measurement of soil properties and in situ 
test (Baecher and Christian, 2003).   
 
In order to generate a model which can 
represent the spatial variability of soil within 
a site, random field theory is performed. 
Random field theory is a method of 
modelling spatial variability of soil 
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properties within a spatial correlation 
structure termed the scale of fluctuation 
(Vanmarcke 1977)  This method utilised 
three statistical properties involving the 
mean (), standard deviation (), or 
coefficient of variation (COV), and the scale 
of fluctuation (SOF) expressing the 
correlation of properties with distance. As 
shown in Figure 2, a large value of SOF, for 
a particular soil property, implies that 
properties of soil fluctuate slowly about the 
mean, suggesting as a more continuous soil 
mass. On the other hand, a small value of 
SOF means that the properties fluctuate 
rapidly about the mean, suggesting a more 
randomly varying soil mass (Jaksa et al., 
2005).  
 
Figure 2. Soils with small (a) and large  SOF (a). 
 
A Model of 3-dimensional random field is 
generated using the Local Average 
Subdivision (LAS) method (Fenton and 
Vanmarcke, 1990). The LAS is a top down 
averaging method generating a random 
series to comply with local and global 
averaging. In this method, the spatial 
correlation structure is represented by a 
small scale fluctuation (Jaksa and Fenton, 
2002), and has a form of Markov Model 
decaying an exponentially correlation. The 
distribution type of generated soil properties 
 is log normal distribution ensuring non 
negative soil properties.  
 
The model is a cube of soil 64 m x 64 m in 
plan by 64 m deep, consisting of 256 x 256 x 
256 elements, and hence each element 
represents a block of soil 0.25 m x 0.25 m x 
0.25 m. The mean of soil resistance within 
the model is specified to 5 MPa, and the 
level of soil variability is set to several 
degrees, they are COV of 20%, and 50%. 
Meanwhile, the SOF of the model is 
specified to 1 m and  10 m. It is noted that 
the model is isotropic soil model revealing 
the uniform SOF value in horizontal and 
vertical directions. 
 
Figure 3. simulated cone resistance profiles with 
small (a) and large SOF (b) 
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Pile Foundation Design 
In order to compute pile load capacities, it is 
employed the LCPC method.  The method is 
one of the reliable methods in estimating 
pile load capacity based on insitu data. 
Bustamante and Gianaselli (1982) developed 
this method to predict the allowable pile 
load capacity of a statically loaded pile, Qu, 
using the equation: : 
 
sbult QQQ +=  
 
(1) 
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
=
=
L
i
ipss lCqQ
1
 (3) 
α
c
s
qq =  (4) 
 
Where   Qb  is   the load capacity at the pile 
base;  
 Qs   is the load capacity along the 
entire length of the pile shaft; 
 qeq  is the equivalent of cone 
resistance at the level of pile 
tip; 
 kc  is the penetrometer load 
capacity factor; 
    is a constant depending on the 
nature of the soil and the 
construction method of the 
pile; 
 L    is the embedded length of the 
pile 
 a   is the clipping distance of the 
pile base; 
 Cp  is the circumference of the pile 
shaft; 
 Ab   is the area of pile base; and 
 Qs is the limit unit skin friction at 
the level of the layer, i, the 
length of the layer, li . 
 
  
2. SIMULATION CPTS AND PILE 
FOUNDATIONS 
On the site model, 9 pile foundations and 12 
site investigation scenarios are simulated. 
Each scenario consists of a number of CPT 
soundings. As shown in Figure 4, the piles 
are configured in 3 rows and 3 columns, 
separated 12.5 metres each other. The piles 
are assumed as bore piles with a diameter of 
0.5 metres, and a length of 20 metres.  
 
 
Figure 4. Plan view of site with 9 piles 
 
As shown in Figure 5, 12 site investigation 
plans containing a range of number of CPTs 
and locations are established ranging from 1 
to 16 CPTs. The position of CPTs is 
determined by those normally adopted in 
typical site investigations. 
 
 
3. RESULT AND DISCUSSION 
Figure 5 and 6 demonstrate that the increase 
number of CPTs conducted as site 
investigation reduces the probability of 
under- and over-design of the piles. For 
instances, with a soil COV of 20% and SOF 
of 10 m, the minimum sampling (one CPT) 
yields a probability of 11% of under-design, 
whereas the maximum sampling (16 CPTs) 
yields a probability of only 3% of under-
design. Similarly, for a soil with COV of 
100%, the minimum sampling (one CPT) 
yields a probability of 22% over-design, 
whereas the maximum sampling (16 CPTs) 
yields a probability of 6% under-design.  
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Figure 6. Effect of sampling effort of the 
probability of under-design 
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Figure 7. Effect of sampling effort of the 
probability of over-design 
 
It is shown in Figure 6 and 7, for a soil SOF 
of 1 metre, sampling effort greater than 5 
CPTs have little impact on the probability of 
under- and over-design. Therefore, it can be 
suggested that 5 CPTs is the optimum for 
achieving the lowest probability of under-  
 
 
 
and over-design of the piles. However for a 
soil SOF of 10 metres, it is indicated that 16  
 
CPTs is the optimum sampling effort. Yet, 
the 16 CPTs is the maximum sampling 
investigated in this study. 
 
It is found that there is benefit from 
increasing sampling effort for either soil 
with low or the soil with high spatial 
variability (SOF). This is because the 
increasing number of CPTs significantly 
diminish the possibility of under- and over-
design of pile foundations. It is indicated 
that for soil with a high level of variability 
(COV), more CPTs are needed in order to 
obtain the optimum design of pile 
foundations. This opposite to what is needed 
for a soil with low level of variability. Soil 
with high variability is erratic in terms of the 
soil characteristics over a large area and 
should be investigated with more site 
investigations than those for soil with low 
level variability. 
 
Figure 8 and 9 present the result of the 
simulations conducted on soil with COV of 
50% and SOF of 1 and 10 metres. It can be 
observed that an increased number of CPTs 
decrease the probability of under- and over-
design. For example, in terms of soil with a 
SOF of 10 metres, a site investigation 
consisting one CPT produce a risk of 16% 
under-design and 13% over-design. In 
contrast, 16 CPTs result in a probability of 
only 4% under-design and 3% over-design, 
respectively.  
 
 
Figure 5. Site investigation plans 
S-1 S-2 S-3 S-4 S-5 S-6 
S-7 S-8 S-9 S-10 S-11 S-12 
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Figure 7. Effect of sampling effort of the 
probability of under-design, with increasing SOF 
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Figure 8. Effect of sampling effort of the 
probability of over-design, with increasing SOF 
 
It can be suggested that site investigations 
conducted on soil with high SOF yield 
higher probability of under- and over-design 
of the piles than those on soil with low SOF.  
 
In case of investigating the optimum number 
of CPTs for obtaining an appropriate pile 
design, in relation to SOF and COV, figure 9 
and 10 present the result of simulation 
conducted for soil with SOF of 1 and 10 
metres. It can be observed that, for all 
COVs, increasing SOF increases the 
optimum number of CPTs needed to achieve 
an appropriate pile design. For example, in 
terms of the soil with SOF of 1 metre, the 
optimum number of CPTs is 5, whereas 
those with a SOF of 10 metres this increase 
to be 16 CPTs. In addition, the optimum 
number of CPTs conducted on soil with a 
high COV is higher than those for a soil with 
low COV.  
 
Based on those results, the soil SOFs have a 
significant impact on the probability of 
under- and over-design of pile foundations. 
Site investigation conducted on site with a 
small scale SOF resulted in lower 
probability than those conducted on area 
with large SOF. This is because, as shown in 
Figure 1, the soil with small SOF contains 
small pockets with the same colours, 
whereas the soil with a large SOF shows 
several big pockets of harder, and pockets of 
weaker. If the CPTs encounter one or other 
this pocket, the design will vary more 
significantly than for soils with lower SOFs 
where such pockets do not exist.  
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Figure 9. Effect of sampling effort of the 
probability of under-design, with increasing 
COV 
1st International Conference on Rehabilitation  
and Maintenance in Civil Engineering (ICRMCE)  
Solo, 21-22 March 2009  
ISBN No.979-498-457-4 
. 
436 
4
6
8
10
12
14
16
18
0 2 4 6 8 10 12
COV = 20%
COV = 100%
SOF (m)
 
Figure 10. Effect of sampling effort of the 
probability of over-design, with increasing COV 
 
 
4. CONCLUSION 
The results have been presented, describing 
the relationship between the extent of site 
investigation and the variability of soil 
profile, based on nine pile foundation system 
where only axial pile load capacity for a 
single pile considered. It has been observed 
that, not unexpectedly, the probability of 
underdesigning and overdesigning a pile 
decreases as the scope of the investigation 
increases.  
 
Future analyses are needed before generic 
and comprehensive site investigation can be 
developed.Future studies should investigate 
other test types such standard penetration 
test (SPT), triaxial test, and flat dilatometer. 
In addition, while the results of this study 
were encouraging, they are only applicable 
to axial pile load capacity. One would 
anticipate that somewhat more beneficial 
results would be obtained by incorporating 
other pile design criteria such as the pile 
settlement (serviceability). As a result, the 
simulation would be able to quantify the 
financial risk associated with potential 
excessive settlement of pile design in 
relation to the scope of site investigations, as 
was carried out by Goldsworthy (2006). 
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